Double-stranded RNA viruses in the family Reoviridae are capable of transcribing and capping nascent mRNA within an icosahedral viral capsid that remains intact throughout repeated transcription cycles. However, how the highly coordinated mRNA transcription and capping process is facilitated by viral capsid proteins is still unknown. Cypovirus provides a good model system for studying the mRNA transcription and capping mechanism of viruses in the family Reoviridae. Here, we report a full backbone model of a transcribing cypovirus built from a near-atomic-resolution density map by cryoelectron microscopy. Compared with the structure of a nontranscribing cypovirus, the major capsid proteins of transcribing cypovirus undergo a series of conformational changes, giving rise to structural changes in the capsid shell: (i) an enlarged capsid chamber, which provides genomic RNA with more flexibility to move within the densely packed capsid, and (ii) a widened peripentonal channel in the capsid shell, which we confirmed to be a pathway for nascent mRNA. A rod-like structure attributable to a partially resolved nascent mRNA was observed in this channel. In addition, conformational change in the turret protein results in a relatively open turret at each fivefold axis. A GMP moiety, which is transferred to 5'-diphosphorylated mRNA during the mRNA capping reaction, was identified in the pocket-like guanylyltransferase domain of the turret protein.
Double-stranded RNA viruses in the family Reoviridae are capable of transcribing and capping nascent mRNA within an icosahedral viral capsid that remains intact throughout repeated transcription cycles. However, how the highly coordinated mRNA transcription and capping process is facilitated by viral capsid proteins is still unknown. Cypovirus provides a good model system for studying the mRNA transcription and capping mechanism of viruses in the family Reoviridae. Here, we report a full backbone model of a transcribing cypovirus built from a near-atomic-resolution density map by cryoelectron microscopy. Compared with the structure of a nontranscribing cypovirus, the major capsid proteins of transcribing cypovirus undergo a series of conformational changes, giving rise to structural changes in the capsid shell: (i) an enlarged capsid chamber, which provides genomic RNA with more flexibility to move within the densely packed capsid, and (ii) a widened peripentonal channel in the capsid shell, which we confirmed to be a pathway for nascent mRNA. A rod-like structure attributable to a partially resolved nascent mRNA was observed in this channel. In addition, conformational change in the turret protein results in a relatively open turret at each fivefold axis. A GMP moiety, which is transferred to 5'-diphosphorylated mRNA during the mRNA capping reaction, was identified in the pocket-like guanylyltransferase domain of the turret protein.
D ouble-stranded RNA (dsRNA) viruses use RNA-dependent RNA polymerases (RdRps) to transcribe mRNA from the minus-strand RNA genome within virus capsids. Nascent mRNA is capped by other viral enzymes and then released into the cytoplasm to initiate viral protein translation (1) . The Reoviridae family is one of the largest families of dsRNA viruses and causes disease in humans, livestock, insects, and plants (1) . Viruses in the family Reoviridae have a segmented dsRNA genome enclosed by single-or double-layered icosahedral inner capsid structure (hereafter referred to as the "core"), which is usually coated by an icosahedral T ¼ 13 (2, 3) or incomplete T ¼ 13 (4-7) outer capsid layer. The Reoviridae family members are divided into two subfamilies according to the structural organization of their core-the Sedoreovirinae and the Spinareovirinae (8). The cores of viruses in the subfamily Sedoreovirinae, for example the Orbivirus and Rotavirus genera, have a relatively smooth proteinaceous capsid shell composed of 120 copies of capsid shell protein coated by a T ¼ 13 layer (2, 3, 9) . The cores of viruses in the subfamily Spinareovirinae, for example, the Orthoreovirus, Oryzavirus, and Cypovirus genera, have a capsid shell with a similar organization but a distinct pentameric turret formed by five copies of turret proteins, each sitting around the fivefold vertex on the capsid shell, which functions in the catalysis of mRNA 5′ cap synthesis (4-7, 10, 11) . The capping enzymes in viruses of the subfamily Sedoreovirinae without turret structures are located under the fivefold vertex inside the capsid shell (2, 12) . A common process adopted by all Reoviridae members, and some other dsRNA viruses, is the uncoating of the outer capsid after delivery into the cytoplasm of host cells (13, 14) prior to transcription, and the core remains intact and serves as a stable nano-scale machine for viral mRNA transcription and capping and for protecting the transcription process from the antiviral defense mechanisms of the host cell (12, (15) (16) (17) .
Cryoelectron microscopy (cryo-EM) and conventional electron microscopy have been used to analyze the structure of transcribing viruses in the Reoviridae family (17) (18) (19) . The structure of the transcribing rotavirus core has been determined at a resolution of 25 Å (17). It suggested that rotavirus mRNA is released from a peripentonal channel rather than the channel located at each fivefold vertex, and the structure of the transcribing rotavirus core is essentially identical to that of nontranscribing cores (17) . Recently, the structure of the transcribing core of orthoreoviruses has been determined at an approximately 25-Å resolution (18) . At such a resolution, it is not possible to investigate fine structural changes. How the highly coordinated mRNA transcription and capping process is facilitated by viral capsid proteins is still unknown.
In this study, we use cytoplasmic polyhedrosis virus (CPV) as a model system to study the mechanism of mRNA transcription and capping. CPV belongs to the genus Cypovirus. It is the simplest virus in the Reoviridae family in that it only has a single capsid layer (20) . The single capsid layer of CPV has structurally conserved capsid shell proteins and turret proteins and has a very similar organization to the core of viruses in the subfamily Spinareovirinae (10, 16, 21, 22) . Near-atomic-resolution structural analyses by X-ray crystallography and cryo-EM reveal that the structures of the capsid shell proteins and the location of RdRp in all viruses in the Reoviridae family are conserved (5, 9, 10, 16, 20, (22) (23) (24) . Thus, CPV is an ideal simplified model system for studying the mRNA transcription and capping mechanism of viruses in the Reoviridae family. We have now obtained a nearatomic-resolution structure of a transcribing CPV by cryo-EM, which allows us to build backbone models for the capsid proteins. By making comparisons with the atomic model of nontranscribing CPV (10), we discovered a series of significant structural changes in CPV capsid proteins that are associated with CPV mRNA transcription and capping. The conformational changes of capsid shell protein VP1 give rise to an enlarged capsid chamber and a widened peripentonal channel connecting the inner capsid chamber and the turret cavity. Moreover, a GMP moiety structure was identified in the VP3 guanylyltransferase (GTase) domain. These observations provide a wealth of new structural information for us to understand the mechanism underlying the highly coordinated mRNA transcription and capping process which occurs in this stable nano-scale viral transcription machine.
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gel electrophoresis (Fig. 1, lane 1) . Radioactive mRNA transcripts were present indicating that the transcription reaction had occurred in the reaction mixture. We also designed three reactions with different concentrations of GTP and different incubation times as controls. First, we performed the reaction in the absence of GTP (the other conditions were the same as those for the transcription reaction mixture) and incubated the reaction mixture at 31°C for 3 h. As expected, no transcribed mRNA was detected in the absence of GTP (Fig. 1, lane 2) . We then decreased the concentration of GTP from 2 mM to 0.04 mM (the other conditions were the same as those for the transcription reaction mixture) and incubated the reaction mixture for 1 and 3 h, respectively. A 3-h incubation time resulted in darker RNA bands (Fig. 1, lane 3 ) than a 1-h incubation time (Fig. 1, lane 4) , indicating that the reaction continues after 1 h. The RNA bands in lane 1 were darker than those in lane 4 indicating that the lower GTP concentration limited reaction activity. mRNA transcripts were also observed using cryo-EM. A cryo-EM image of a transcribing CPV shows that strand-like material was visible around many of the particles ( Fig. 2A and Fig. S1 ), while it was not observed in nontranscribing CPV cryo-EM images (10).
Structure Determination. We obtained a 3D structure of the transcribing CPV by cryo-EM and single-particle reconstruction ( Fig. 2 A and B) . About 8,400 particle images from 845 micrographs collected by CCD with an FEI Titan Krios microscope were selected for final 3D reconstruction. Based on the clarity of the resolved features ( Fig. 2 C and D) , and by comparing these features with those of nontranscribing CPV ( Fig. S2 ) (10), we estimated that the transcribing CPV is resolved to a resolution of about 4.1 Å. The structural features, including separated β-strands and turns of α-helices were clearly resolved. More than 60% of the side chains were clearly visible, allowing us to build a full backbone model for all major capsid proteins ( The transcribing CPV has a similar overall capsid structure to that of nontranscribing CPV except that the transcribing CPV does not have the spike-like protein complex on the top of each fivefold turret that is present in nontranscribing CPV (Fig. 2B) . In order to study the structural changes in capsid proteins associated with mRNA transcription, we superimposed the density map of transcribing CPV on a structure of nontranscribing CPV that was filtered to the same resolution (Fig. 2E ). The two superimposed maps show that the major differences are located in regions around the fivefold axis (Fig. 2E) . By closely examining the difference maps, we identified the proteins that are involved in the conformational changes-the capsid shell proteins VP1A, VP1B, and the turret protein VP3. No structural changes in protrusion protein VP5 were detected.
Conformational Changes in Capsid Shell Protein VP1 and Related
Structural Changes in the Capsid Shell. According to the domain nomenclature used for the capsid shell protein VP3 counterpart in bluetongue virus (23) , the two CPV VP1 conformers, VP1A and B, each have four domains: the apical (residues 439-775), carapace (residues 134-438, 790-825, 963-1070, and 1237-1333), and dimerization (residues 1071-1236) domains, and a distinct protrusion domain (residues 825-962). A structural comparison of transcribing and nontranscribing CPV VP1A and B revealed conformational changes in VP1A and B that are localized in the apical domain (Fig. 3A and Movies S1 and S2). In transcribing CPV VP1A, the apical domain appears to tilt toward the turret region. The tilting of the apical domain is like the movement of a hinge (Movie S1). Structural changes in VP1B of transcribing CPV are smaller than those in VP1A. The major conformational change in VP1B occurs at the tip region of its apical domain ( Fig. S3 and Movie S2).
To investigate the functional implications of these conformational changes in VP1A and B, we need first to investigate the organization of the capsid shell proteins as an ensemble. The capsid shell of CPV is formed by 120 copies of VP1: 60 copies of VP1A are located around the fivefold axes and 60 copies of VP1B are located around the threefold axes. An RNA-dependent RNA polymerase (RdRp) is located close to the inner surface of the capsid shell at each fivefold axis and is embedded in the surrounding dsRNA (20, 25) so that mRNA can be transcribed in the capsid shell. Comparing transcribing CPV with nontranscribing CPV, we observed two important structural changes in the capsid shell that are functionally associated with mRNA transcription. The first structural change in the capsid shell is that the tilt of the VP1A apical domain gives rise to an enlarged capsid chamber where the mRNA transcription process occurs (Fig. 3B and Movies S3 and S4). The enlarged volume under the 12 fivefold vertices is about 9.4 × 10 5 Å 3 in total and accounts for 1.4% of the total volume of the capsid chamber. Although the transcription mechanism of the Reoviridae family has not been fully elucidated, a generally accepted transcription model is that RdRp is anchored to the capsid shell while a template RNA slides through RdRp for mRNA transcription (4, 26, 27) . The enlarged capsid chamber enables genomic RNA to have greater flexibility to slide within the densely packed capsid.
Another structural change in the capsid shell accompanying conformational changes in VP1A and B is that a peripentonal channel formed by two adjacent copies of VP1A and their neighboring copy of VP1B becomes wider (Fig. 3 C and D and Movie S5). This peripentonal channel is not perpendicular to the surface of the capsid shell but at an angle of approximately 30 degrees to the shell surface (Fig. S4) . The entrance of the peripentonal channel facing the RNA genome is at a distance of about 35 Å from the fivefold axis and is located above the region where the RdRp is located (Fig. 3C) , and its exit opens into the turret cavity (Fig. S4) . The peripentonal channel is irregular in shape and has a diameter of about 9-15 Å, while the peripentonal channel in nontranscribing CPV has a diameter of about 6-10 Å. Moreover, the peripentonal channel in nontranscribing CPV is blocked by the side chain of VP1 Arg 653 (Fig. 3C) . It is worth noting that the nodule-like structure that was observed to block the pentameric channel at the fivefold axis in the capsid shell of nontranscribing CPV (10) was also observed in transcribing CPV (Fig. 3E) . Thus, it is likely that this nodule-like structure belongs to the RdRp, presumably serving to anchor the RdRp to the capsid shell. The presence of the nodule-like structure in transcribing CPV also excludes the possibility that the pentameric channel is the pathway for nascent mRNA release. So the peripentonal channel is the only channel connecting the inner capsid chamber and the turret cavity. In addition, a small rod-like structure, which was not observed in nontranscribing CPV, was observed in the peripentonal channel (Fig. 3C ). This rod-like structure may represent partially resolved nascent mRNA. The mRNA structure was not well resolved because mRNA is flexible and the icosahedrally symmetrical channels are not all occupied by mRNA. Taken together, these observations strongly suggest that the peripentonal channel is the pathway where the nascent mRNA exits through the capsid shell to the turret cavity. This location for the nascent mRNA pathway is in agreement with the pathway of orthoreoviruses proposed by Zhang et al. (4) . Based on the position and orientation of the RdRp crystal structure fitted into the cryo-EM structure of the orthoreovirus virion, Zhang et al. hypothesized that the channel could become wider during transcription to allow passage of the nascent mRNA into the turret cavity. Our structure of transcribing CPV provides direct structural evidence for this hypothesis. A previous reconstruction of the transcribing rotavirus also suggested that its transcribed mRNA exits through a peripentonal channel, not through the pentameric channel at the fivefold axis (17) . It appears that at least a subset of viruses in the Reoviridae family take the peripentonal pathway for mRNA exit.
Superimposing CPV VP1A on VP1B reveals that two major structural changes occur in the apical and protrusion domains (10) . It is intriguing that a systematic comparison between the two capsid shell protein conformers of rotavirus, bluetongue virus, and orthoreovirus reveals that the major structural difference between the two conformers of all these viruses is a conformational change in the apical domain (9) . Except for the unique protrusion domain present in CPV VP1, the structure of VP1 and its counterparts in other Reoviridae family members are highly conserved (10) . Furthermore, the organization of VP1A and B in the CPV capsid shell is shared by all other Reoviridae family members and even some other dsRNA viruses (1, 28) . It is likely that the flexibility of the apical domain is a common property of this group of viruses.
Conformational Changes in Turret Protein VP3. After exiting through the channel in the capsid shell, the nascent mRNA moves directly to the cavity of the turret to undergo mRNA capping (16, 29, 30) . The hollow pentameric turret on each icosahedral fivefold vertex is formed by five copies of VP3. A structural comparison of transcribing and nontranscribing CPV VP3 reveals that the major structural change is a pivotal movement around residue 355 (Fig. 4A and Movie S6). This pivotal movement drives the movement of the domains of 7-N-methyltransferase (7-N-MTase), 2′-O-methyltransferase (2′-O-MTase), and the bridge. Another conformational change in VP3 occurs at residues 279-309 in the GTase domain, which includes a loop and an α-helix (Fig. 4A) . No other significant structural changes were observed. Maintaining a rigid structure is presumably important for preserving enzymatic activity.
The role of VP3 is to catalyze the last three of the four reactions in mRNA capping: mRNA GTase, 7-N-MTase, and 2′-O-MTase (16, 29, 30) . Accordingly, VP3 has a series of four domains: the GTase domain, the 7-N-MTase domain, the 2′-OMTase domain, the brace domain, and the bridge domain that bridges the GTase domain and the two MTase domains (10) . Conformational change in VP3 transforms the turret from a relatively closed state to a relatively open state, a process that is like the opening of a flower (Fig. 4B and Movie S4). This structural change makes the channel connecting the GTase domain and the 7-N-MTase domain, hypothesized to be the mRNA pathway (10), become wider (Fig. 4B) . These structural changes are probably important in mRNA capping; however, no mRNA density was observed in the turret cavity. This may be because only one mRNA transcript can be processed in the turret because only one copy of RdRp is bound per fivefold axis (4), and because the mRNA transcript has considerable flexibility to meander in the relatively large hollow turret. The spike-like protein complexes held by brace domains in nontranscribing CPV (10) are absent in transcribing CPV probably because the brace domains of transcribing CPV are not able to hold the spike-like protein complexes due to the conformational changes in VP3 (Fig. 4B) .
Direct Observation of a GMP Moiety in the GTase Domain of the Turret Protein VP3. We found an extra density, which could not be assigned to any side chain or backbone, located in the center of the pocket-like VP3 GTase domain of transcribing CPV. The density map surrounding this extra density fits well with the atomic model ( Fig. 4C and Movie S7). Moreover, this density was not observed in the VP3 of nontranscribing CPV. Biochemical data has shown that the GTase domain of the orthoreovirus turret protein functions as an RNA GTase that transfers a GMP moiety to the 5′ end of the 5′-diphosphorylated nascent mRNA (31) . This transfer reaction occurs through a covalent intermediate, a phosphoamide bond between the GMP and a lysine of the turret protein (32) . This evidence leads us to conclude that the extra density is a GMP moiety. Indeed, a GMP atomic model fits very well to this density (Fig. 4C ) and the distance between the GMP structure and an adjacent Lys234 coincides with the length of a phosphoamide bond (Fig. 4D and Movie S7). Lys234 was the only lysine found near the GMP moiety. The shape of the GTase domain is like a pocket and the GMP moiety is located right in its center. We did not find an obvious groove for guiding the mRNA 5′ terminus from the exit of the peripentonal channel to the GTase pocket, but the presence of five copies of the GMP moiety in the five GTase domains of the pentameric turret definitely increases the chances that the mRNA 5′ terminus would fall into any one of the five pockets of the GTase domain to undergo GMP transfer.
Biochemical and mutational analyses revealed that the Lys190 of the orthoreovirus turret protein λ2 is necessary for the generation of the phosphoamide bond, and that Lys171 makes an important contribution to the phosphoamide bond (30) . A previous study has shown that Lys190 in the orthoreovirus λ2 protein is in the sequence KDLS, and sequences similar to KDLS are found to be widely conserved among the RNA GTases of the Reoviridae family within the genera Rotavirus, Orbivirus, and Phytoreovirus (30) . However, the sequence KILE in CPV VP3 is only partially conserved when compared with the sequence KDLS in orthoreovirus λ2. In addition, the sequence KILE is located in an α-helix in VP3 while the sequence KDLS is located in a loop in λ2 (Fig. 4E and Movie S7). This implies that the location of lysine in the GTase domain that contributes to the phosphoamide bond differs among members of the Reoviridae family. Recently, we have demonstrated that the turret protein VP3 of CPV is essentially structurally conserved with its counterpart proteins in orthoreoviruses despite their lack of significant amino acid sequence identity (10) . By superimposing the VP3 of transcribing CPV on orthoreovirus λ2, we found that the two lysines of orthoreovirus λ2 are located right in the vicinity of the GMP moiety in the CPV GTase domain (Fig. 4E) . A previous study by Qiu and Luongo has shown that protonation of histidines 223 and 232 in the orthoreovirus GTase domain is necessary for GTase activity (33) . These two histidines are also conserved in aquareovirus (33) . CPV VP3 lacks detectable sequence identity with orthoreovirus λ2; however, a tertiarystructure-based amino acid sequence alignment between CPV VP3 and orthoreovirus λ2 (10) showed that the two histidines are actually conserved in these viruses (Fig. S5) . In our CPV GTase domain, the corresponding two histidines (His 208 and 217) are located adjacent to the GMP moiety (Fig. S6) . The GTase domain in our CPV VP3 is rigid, contradicting the hypothesis that histidine protonation causes the loop connecting the two histidines to move (33) . Based on the relative positions of the GMP moiety and the two histidines in our CPV structure, a possible mechanism proposed by Qiu and Luongo, which could result in increased GTase activity is that the two solvent-exposed positive charges resulting from protonation of histidines 208 and 217 in CPV VP3 (histidines 223 and 232 in orthoreovirus λ2) may increase the affinity of GTP for GTase by neutralizing the negative charge of the GTP phosphate groups (33) .
These results further confirm that the mechanism of GTase activity is conserved among the Reoviridae family. The diversity of the sequence and the conservation of structural topology and key residues among capsid proteins of viruses in the Reoviridae family may reflect the selection pressure that the viruses have been facing during their long evolution.
Materials and Methods
CPV Purification and mRNA Transcription Assay. CPV particles were isolated and purified as previously described (10, 34) , and transcription was assayed according to a previously published method (35) . In order to confirm whether CPV transcription had occurred, we used [α-32 P] UTP in the transcription reaction mixture. The transcription reaction mixture (50 μL) consisted of 70 mM Tris-Ac (pH 8), 10 mM MgAc 2 , 100 mM NaAc, 4 mM ATP, 2 mM GTP, 2 mM CTP, 2 mM UTP, 20 μCi [α-32 P] UTP (specific activity 3;000 Ci∕mmol), 1 mM SAM, 1 U/μL RNase inhibitor and purified CPV suspension. The transcription reaction mixture was incubated at 31°C for 3 h. The reaction was terminated by chilling the sample to 0°C, a condition under which RNA synthesis is discontinued. Radioactive mRNA transcripts were then detected by polyacrylamide gel electrophoresis and storage phosphor technology as described below.
Detection of mRNA Transcripts. 32 P-labeled CPV mRNA transcripts in the transcription reaction mixture were separated by 4% polyacrylamide gel electrophoresis. The 32 P-labeled mRNA transcripts were visualized by storage phosphor technology using a Typhoon Trio+ Variable Mode Imager (Amersham Biosciences Inc).
Cryo-EM Imaging, 3D Reconstruction and Structure Analysis. An aliquot of 3.5 μL transcription reaction mixture (70 mM Tris-Ac (pH 8), 10 mM MgAc 2 , 100 mM NaAc, 4 mM ATP, 2 mM GTP, 2 mM CTP, 2 mM UTP, 1 mM SAM, 1 U/μL RNase inhibitor and purified CPV suspension) was applied to a holey grid and blotted for 4 s in a chamber at 100% humidity using an FEI Vitrobot Mark IV. Viruses were imaged with an FEI 300 kV Titan Krios cryoelectron microscope equipped with a Gatan UltraScan4000 (model 895) 16-megapixel CCD. Viruses were imaged at 300 kV at an absolute magnification of 125;390 ×, corresponding to a pixel size of 1.19 Å. The dose for each micrograph was about 20-25 e − ∕Å 2 . The microscope was carefully aligned before image collection so that a maximum visible contrast transfer function ring of a dry portion of the carbon film image (20-25 e − ∕Å 2 dose) at approximately 1∕3 Å −1 spatial frequency was observed. The defocus values of all micrographs were set around 1.5-3.0 μm. The contrast transfer function correction for each micrograph was determined using the CTFIT program from the EMAN package (36) based on incoherently averaged Fourier transforms of each image. The orientations and centers of all virus particles were determined using the IMIRS package (37) based on the common-line strategy (38) . About 8,400 selected particles (80% of all particles) were combined and reconstructed using a reconstruction program based on icosahedral symmetry-adapted functions (39) . Protein subunit densities were segmented from the maps and visualized using UCSF Chimera (40) .
Backbone Model Building. The models of nontranscribing CPV VP3, VP1A and B were used as initial models. They were modified based on the density map of transcribing CPV using Coot (41) . The models were then refined in a pseudocrystallographic manner using the Crystallography and NMR System (42), by a process that included simulated annealing refinement, crystallographic conjugate gradient minimization, and REFMAC5 idealization (43) . 
